Aquatic photosynthesis plays a major role in carbon fixation and O 2 production on Earth. In this paper, we analyze the prospects for oxygenic photosynthesis in aquatic environments on Earth-analogs around F-, G-, K-and M-type stars. Our analysis takes into account the spectral type of the host star, attenuation of light by aquatic organisms, and rates of respiration and photosynthesis. We study the compensation depth (Z CO ) and the critical depth (Z CR ), defined respectively as the locations where the net growth rates and vertically integrated net growth rates of photoautotrophs become zero. Our analysis suggests that Z CO declines by more than an order of magnitude as one moves from the habitable zones around Sun-like stars to late-type M-dwarfs, but Z CR decreases by only a modest amount (∼ 10%). For M-dwarf exoplanets, we propose that the photosynthetic red edge may constitute a more robust biosignature of aquatic photosynthesis compared to atmospheric O 2 .
INTRODUCTION
The overwhelming majority of carbon fixation and biomass on Earth occurs via oxygenic photosynthesis (Knoll 2015) . One of the chief reasons behind the proliferation of oxygenic photosynthesis on Earth is that the electron donor (water) was not limited in terms of availability, unlike other variants of photosynthesis (Ward et al. 2019) . The wavelength range for oxygenic photosynthesis on Earth is approximately 350-750 nm (Chen & Blankenship 2011; Nürnberg et al. 2018) , but most of the light utilized by oxygenic photoautotrophs lies within λ min = 400 nm and λ max = 700 nm, due to which it has been termed photosynthetically active radiation or PAR for short (Blankenship 2014, Chapter 1.2) . 1 Oceans are known to contribute around 50% of the total primary production on Earth (Field et al. 1998) . A substantial fraction of terrestrial exoplanets, colloquially referred to as ocean planets, are expected to possess high water inventories, thereby hosting deep oceans and no continents at their surfaces (Tian & Ida 2015; Zain et al. 2018) . Some of the planets of the well-known TRAPPIST-1 system, for instance, seemingly fall in this category (Grimm et al. 2018; Unterborn et al. 2018) . It is therefore essential for studies of planetary habitability to analyze the prospects for aquatic photosynthesis.
However, this field has witnessed comparatively few analyses despite its importance. Wolstencroft & Raven (2002) modeled the global rates of O 2 production by Earth-like photoautotrophs at a fixed depth of 10 m underwater for stars of different spectral types. Kiang et al. (2007) estimated the PAR fluxes at depths of 0.05 m and 1 m for various stars, and analyzed the maximum wavelengths at which photosynthesis could operate. However, in order to properly gauge the maximal depths where photoautotrophs may occur, it is necessary to account for biological functions such as respiration and photosynthesis rates. A recent analysis along these lines was undertaken by Ritchie et al. (2018) , but in the specific context of Proxima b. A similar study, ostensibly for the euphotic zone depth, for cool stars has been briefly described in Kaltenegger (2019) .
In this paper, we will examine under what conditions aquatic photosynthesis is feasible and how its essential features are sensitive to the choice of host star. We will incorporate hitherto neglected effects and concepts (e.g., critical depth) and tackle Earth-analogs orbiting F-, G-, K-and M-type stars.
CHARACTERISTICS OF AQUATIC PHOTOSYNTHESIS
First, we will explore how stellar properties regulate some key aspects of aquatic photosynthesis for rocky planets in the habitable zone (HZ) of the host star (Kasting et al. 1993; Ramirez et al. 2019 ).
Mathematical preliminaries
A rigorous assessment of aquatic photosynthesis requires an in-depth knowledge of biological (e.g., phytoplankton respiration and photosynthesis rates), geo-arXiv:1912.04301v1 [astro-ph.EP] 9 Dec 2019 logical (atmospheric and oceanic composition) and astrophysical (e.g., stellar temperature and flux) parameters. Owing to this complexity, we will hold all factors aside from the stellar properties fixed. The hypothetical planet in question is thus assumed to possess geological and biological attributes akin to Earth.
The flux incident at the top of Earth's atmosphere is S ⊕ ≈ 1360 W/m 2 , and we will suppose that the planet also receives the same amount of stellar flux. Furthermore, for the sake of simplicity, the planet is assumed to be optically thin across the PAR range analogous to modern Earth (Jacob 1999) . Thus, we ignore attenuation of PAR during its passage through the atmosphere. When the star is at the substellar point, the photon flux density at that specific location on the planetary surface (denoted by N max ) is estimated as
where R is the stellar radius and d is the orbital radius of the Earth-analog, while n λ represents the photon flux density of the star. When the latter is modeled as a black body with effective stellar temperature of T , the photon flux density becomes
where B λ is the spectral radiance given by the Planck function. We can express d in terms of the stellar properties by invoking the constraint:
with the stellar luminosity defined as L = 4πσR 2 T 4 . Thus, upon substituting this result in (1), we arrive at
with the dependence on R being eliminated. However, we note that N max represents the maximum photon flux density because it ignores the effects of clouds and is calculated at the zenith, thus ignoring the rotation of the planet. A more realistic measure of the photon flux density (N avg ), constituting its temporal average, is
where f I accounts for the variation in the intensity of light at a given location, and f CL embodies the additional attenuation introduced by clouds (Sarmiento & Gruber 2006, Chapter 4.2) . For planets that are not tidally locked, f I ≈ 1/4 because the stellar radiation is intercepted across a cross-sectional area of πR 2 (where R is the planetary radius) but is subsequently distributed over the total surface area of 4πR 2 . 2 However, for tidally locked exoplanets, the radiation must be evenly distributed over the surface area of 2πR 2 because of the permanently dark nightside, which yields f I ≈ 1/2. Determining the stellar "cutoff" at which Earth-analogs become tidally locked is difficult because the tidal locking timescale depends on numerous factors such as initial spin period, tidal dissipation factor, and presence/absence of moons (Barnes 2017 ). Next, we turn our attention to the cloud fraction. General circulation models suggest that tidally locked planets at the inner edge of the HZ may manifest relatively high cloud coverage on their dayside; the resulting planetary albedo could become twice that of Earth (Yang et al. 2013, Section 3) . Thus, on the one hand, f I is elevated for tidally locked exoplanets. On the other, f CL is potentially lower due to the greater attenuation from clouds. Hence, for the sake of simplicity, we will hold f A ≡ f I · f CL fixed as our ensuing results will exhibit a logarithmic dependence on this parameter. We specify f A ≈ 0.2 to preserve consistency with Earth's parameters (Sarmiento & Gruber 2006, Chapter 4 .3), which transforms (5) 
The photon flux F at a depth z below the surface can be determined by employing
where N 0 (λ) is the photon flux density at the surface and is set by either N max or N avg depending on the context. In the above formula, K(λ) represents the vertical attenuation coefficient that is further decomposed into K = K W + K C + K B , where K W , K C and K B denote the partial attenuation coefficients arising from clear water, chemical (both organic and inorganic) compounds and biota, respectively (Kirk 2011, Chapter 9.5 ).
In actuality, K W , K C and K B are complex functions of the wavelength and depth, thereby rendering subsequent calculations difficult to undertake. We will therefore restrict our scope to encompass two distinct cases henceforth. In both instances, to simplify matters, we set K C → 0 and adopt (7) across the PAR range because K W (λ) is wellapproximated by an exponential function; the corresponding data was taken from Pope & Fry (1997 , Table  3 ). In the first, we select N 0 (λ) = N max and K B → 0, which constitutes the most optimal scenario wherein the star is at the zenith and no biological attenuation in present. In the second, we adopt N 0 (λ) = N avg and K B ≈ 0.08 m −1 (Sarmiento & Gruber 2006, Chapter 
4.2)
. 3 This setup is more realistic because the dual affects of temporally-averaged stellar flux and biological attenuation in water are incorporated. The two cases will be henceforth be identified by the use of the "M" (i.e., maximal) and "R" (i.e., realistic) superscripts.
At this stage, a comment regarding the euphotic zone is in order. The depth of this zone (Z E ) is typically defined as the depth at which the intensity is 1% of its surface value (Kirk 2011, Chapter 6.3) . For an Earthanalog around a Sun-like star, most of the radiation that penetrates to a depth greater than few meters lies within the PAR range. Hence, utilizing the prior expressions for K yields Z Sarmiento & Gruber (2006, Chapter 4.2) for Z E . In contrast, if we consider an Earth-analog orbiting a late-type M-dwarf, most of the radiation is in the near-infrared (near-IR), thereby enabling us to specify K 1 m −1 (Hale & Querry 1973; Kou et al. 1993) . As per the above formula, we obtain Z E 5 m, which is consistent with the analyses by Ritchie et al. (2018) and Kaltenegger (2019) . 
Critical depth and compensation depth
Although the euphotic zone depth has some intrinsic value, it does not yield information concerning the depth to which photoautotrophs can exist. In order to estimate these quantities, we will analyze the compensation and critical depths, both of which were elucidated in the seminal work by Sverdrup (1953) .
The compensation depth (Z CO ) is defined at the depth at which the rate of photosynthesis is sufficient to balance the respiration rate. At greater depths, respiration will dominate over photosynthesis, thus inhibiting the growth of the photosynthetic community. The photon flux at which this critical balance occurs is the compensation flux (F C ). If we suppose that the oxygenic photoautotrophs are akin to those on Earth, we may specify F C ∼ 10 µmol m −2 s −1 (Sverdrup 1953; Siegel et al. 2002) . Thus, by solving for the location at which F(z) = F C will hold true, one can duly determine the approximate location of the compensation depth.
In Fig. 1 , the maximal photon flux has been plotted as a function of the depth for Earth-analogs orbiting different stars. By making use of (6), we find that Z Fig. 7 ).
Next, we turn our attention to the case where timeaveraged photon flux and biological attenuation are included. The ensuing results are depicted in Fig. 2 . For a Sun-like star, we estimate Z (R) CO ≈ 20 m whereas we find Z (R) CO ≈ 1 m for a late-type M-dwarf with T = 2500 K. The former value is consistent with empirical estimates of ∼ 20-30 m for the compensation depth in multiple environments (Sverdrup et al. 1942; Siegel et al. 2002; Banse 2004; Middelburg 2019) . For both the maximal and realistic cases, we find that the compensation depth is reduced by more than an order of magnitude as one moves from Sun-like stars to the coolest M-dwarfs.
To undertake a similar calculation for anoxygenic photoautotrophs, two changes must be implemented. First, the longest wavelength suitable for photosynthesis must be extended to λ max ≈ 1000 nm (Blankenship 2014, Chapter 1.2) . Second, the photon flux at the compensation point is specified to be F C ∼ 1 µmol m −2 s −1 based on the Chlorobium species extracted from lakes and fjords in Vestfold Hills, Antarctica (Burke & Burton 1988) . We can neglect the first factor without much loss of generality because water is strongly absorbing in the near-IR (Kou et al. 1993) .
Thus, upon utilizing the revised value of F C , we estimate Z Now, we turn our attention to gauging the critical depth (Z CR ), namely, the thickness of the aquatic layer where the vertically integrated photosynthetic growth rate exceeds the loss rate due to respiration and other factors (Mann & Lazier 2006, Chapter 3) . Thus, communities circulating in this layer are theoretically capable of survival and growth. 4 The estimation of Z CR is not straightforward because a number of divergent (albeit complementary) formulae exist: see Sarmiento & Gruber (2006, equation 4.3 .5), Kirk (2011, equation 11 .1), Mann & Lazier (2006, equation 3 .08) and Middelburg (2019, equation 2.27 ). The expression from the last two references is adopted due to its relative simplicity: where Γ R and Γ P denote the rates of respiration and maximal photosynthesis, respectively.
As the above formula was derived under the assumption of K = const, we have KZ CR = − ln δ(Z CR ), where we have introduced δ(z) = F(z)/F(0). After specifying Γ R /Γ P ≈ 5.1 × 10 −2 based on equation (2) and Table 1 of Siegel et al. (2002) and thereupon invoking (8), we obtain KZ CR ≈ 19.56, which translates to δ(Z CR ) ≈ 3.2 × 10 −9 . Thus, by determining the depth at which δ(z) acquires this value, we obtain a heuristic estimate for Z CR . To this end, we employ (6) and adopt the parameters from the "R" case introduced earlier to facilitate comparison with prior studies that account for time-averaged photon flux and biological attenuation.
The ensuing results have been plotted in Fig. 3 . In particular, we obtain Z (R) CR ≈ 197 m for the solar analog. This result compares favorably with the estimate of 170±30 m for Earth's oceans (Sarmiento & Gruber 2006, Chapter 4.3) and 177 m for Lake Windermere, England (Kirk 2011, Chapter 11.1) . For a late-type M-dwarf with T = 2500 K, we find that Z (R) CR ≈ 175 m. Thus, as both Fig. 3 and these examples reveal, the critical depth is relatively insensitive to the stellar temperature. In principle, therefore, the depth of the zone over which net growth is feasible is roughly constant for Earth-analogs orbiting different stars. Moreover, as Z CR governs the initiation of phytoplankton blooms (Falkowski & Raven 2007) , ceteris paribus, analogous phenomena may have a similar likelihood of occurrence on such worlds.
DISCUSSION AND CONCLUSIONS
We estimated the compensation and critical depths for Earth-analogs around various stars. We found that the former decreases by more than an order of magnitude as one moves from solar analogs to the smallest stars (i.e., late-type M-dwarfs); in contrast, the critical depth decreases by merely ∼ 10% across the same range.
Our work has a number of implications for the evolution and detection of complex life. Due to the lower compensation depth associated with late-type M-dwarfs, the rates of carbon fixation via oxygenic photosynthesis could be correspondingly lower, which is consistent with prior analyses of this subject (Wolstencroft & Raven 2002; Ritchie et al. 2018) . Earth-analogs around these stars may have a low likelihood of building up oxygenated atmospheres because of the diminished rates of O 2 production (Lehmer et al. 2018; Lingam & Loeb 2019b) . This would, in turn, give rise to "false negatives" insofar as life-detection through atmospheric oxygen is concerned. Inability to accumulate atmospheric O 2 may also prove to be detrimental for the origin of complex multicellularity due to metabolic constraints (Knoll 1985; Catling et al. 2005; Lingam & Loeb 2019c) .
Even if biologically oxygenated atmospheres are suppressed on M-dwarf exoplanets, the biomass density in the aquatic photosynthetic zones is nevertheless potentially comparable to that of Earth's oceans. In fact, due to the combined action of slower rotation rate (induced by tidal locking) and stronger tidal forces, nutrient upwelling could increase on these worlds, thereby possibly elevating the biomass density (Lingam & Loeb 2018; Olson et al. 2019) . Hence, if the coverage and density of oxygenic photoautotrophs is sufficiently high, the photosynthetic red edge (PRE) can be employed instead to discern the presence of life. In the absence of cloud cover and 50% surface coverage by cyanobacteria, O'Malley-James & Kaltenegger (2019) estimated that the reflected flux would increase by 10% at the PRE.
Hence, for tidally locked planets, the reflected flux at the PRE ought to vary between 0% and ∼ 10% over an orbital period. Although it is widely held that the presence of atmospheric O 2 and PRE are correlated biosignatures, our study suggests that the latter biosignature may be prominent even in the absence of the former.
There are several caveats worth highlighting concerning our analysis. Perhaps most importantly, we assumed that the functional traits of putative photoautotrophs were akin to those in Earth's aquatic environments. We also neglected deviations from the black body spectrum and the deleterious effects of stellar flares. However, with regards to the latter, a combination of screening compounds, strong absorption by water at ultraviolet wavelengths, and physiological adaptations (e.g., DNA repair) may collectively ensure that organisms are protected several meters underwater (Cleaves & Miller 1998; Lingam & Loeb 2019c) . Last, but not least, we have not addressed the crucial issue of nutrient limitation in this paper. Ocean planets, for instance, are predicted to possess limited biospheres due to the low rates of phosphate supply from weathering (Wordsworth & Pierrehumbert 2013; Lingam & Loeb 2019d) .
In spite of these caveats, our model retains sufficient complexity (without sacrificing simplicity), consequently enabling us to make concrete and testable predictions. In particular, if future spectroscopic and photometric observations of M-dwarf exoplanets detect no evidence of biotic O 2 in the atmosphere and find evidence for the PRE, this would lend credence to the notion that these worlds might host an unusual combination of fairly dense but shallow aquatic biospheres.
